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ABSTRACT jg T 66
An analysis of a small phase shift, voltage
controlled - attenuator, suitable for automatic gain
control, is presented.
The factors which affect the relationship of
the attenuatlion to the phase shift are found and
criteria are developed for selecting circuit parameters

to give minimum phase change for a given attenuation,



1. INTRODUCTION

1.1 Origin of the Problem

In a proposed rocket experiment by Nisbet
et al.,(1960), measurements are made of the
relative phase shifts of radio waves propa-
gated between two sections of a high altitude
research rocket, It was shown that these phase
shifts are directly related to the electron density
along the propagation path between the two. Signals
at each of the three frequencies at the main rocket
section are amplified and compared in phase.

The amplitude of these signals will vary due to the
increasing path length, changing effective area of
the antenna, and due to ionospheric detuning of the
antennas. It is necessary to be able to make a
measurement of the phase unperturbed by these effects,
It is also necessary for the measurement of secondary
parameters in this experiment to have information

on the signal intensity as a function of time and a
signal strength output is required.

The experiment is to be conducted using a
research rocket in which payload welght is at a
premimum., These requirements on payload and space
are such that transistorized circultry is mandatory.

In order to achleve the desired accuracy, the

maximum phase shift for each channel 1s required to
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be less than + 15 degrees when compared to the
reference intermediate frequency. A further
requirement is a maximum gain of 72 db.,, with an
automatic gain control (AGC) providing a constant
output within 3 db., over a dynamic range of 60 db,

It is therefore desirable to have a trans-
sistorized receiver with a large dynamic range of
AGC and a very small internal phase shift.,

It should be noted that though the require-~
ment generating this problem is rather speciallzed,
many other applications such as in direction finding
equipment require receivers having small phase shifts

over wide ranges of input signal strength.

1.2 GENERAL STATEMENT OF THE PROBLEM

In receivers used for phase measurements it is
necessary to ninimize the internal phase distortion
while providing an AGC system which automatlcally
varies the total amplification and maintains the
power output almost constant for large variations
of input signal strengths.

When the AGC signal acts to alter the blas cond-
itions in controlling transistor gain, the resultant
effects are a shift in bandwidth and in center
frequency due to changes 1n the input and output
impedances., A summary of literature relating the

methods which have been used is given in Section 1.3 .
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The problem, then, 1s to find an AGC system capable
of providing easily controlled attenuation and minimum
phase shift. In addition, this device should be of minimum

size, weight, temperature sensitivity and complexity.

1.3 REVIEW OF THE LITERATURE PERTINENT TO TRANSISTOR

AUTOMATIC GAIN CONTROL SYSTEMS

1.3.1 FORWARD AND REVERSE AGC

The most common method of gain control is that in
which the blas conditions of the transistor are control-
led. The gain may be varied by changing the emitter current
or the collector voltage; each of these techniques results
in a change in bandwidth and a shift in center frequency.

Blecher (1953) demonstrated that the gain of a trans-
istor could be varied by changing the direct current in
the emitter-base junction.

Chow and Stern (1955) investigated gain control by
changing the collector voltage or emitter current and
discussed the resulting effects upon the transistor para-
meters. This paper also showed that forward AGC (emitter
current control) was accompanied by increasing input and
output impedances which caused a decrease in bandwidth
and a shift in center frequency. Reverse AGC(collector
voltage control), however, showed the effects of decreas-
ing input and output impedances resulting in an increase

in bandwidth and a
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shift in center frequency. It was concluded that in
cases where 1t 1s desirable to keep the bandwidth
constant is 1s necessary to place the frequency
selective circuits in stages not adjoining controlled
stages.

Seliga (1961) et al., have shown that the
magnitudes of the phase shifts for forward and
reverse AGC systems were nearly equal for equal
changes in gain; the senses of the phase shift for
these conditions are different however, suggesting
a possible method of phase compensation.

In Seliga's paper it was shown that for an 11 mec/s
amplifier stage and a 30 db. change of attenuation,
forward AGC produced a phase shift of 70 degrees,

while reverse AGC produced a phase shift of - 60 deg.

1.3.2 ATTENUATORS EXTERNAL TO THE TRANSISTOR

Hurtig (1955) developed a circult to 1limit
changes in bandwidth by placing a diode in parallel
(from the a.c. viewpoint) with the emitter diode of
the transistor. This scheme divides the signal current
between the diodes 1in accordance with the AGC signal
in such a way that the conductance of the diode comb=-
ination remains essentially constant.

At 9 mc/s this circuilt produced a 40 ke/s change 1n
bandwidth (B.W. = 1.4 me/s) and a change in center

frequency of 72 kc/s for 42 db, of attenuation,
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Chow and Lazar (1959) used a system utilizing
back=-bliased diodes in a bridge configuration. The
method discussed 1n this paper is one which may
be used to:
1. Control a signal which has a dynamic range
exceeding the capabilities of the first amplifier
2. Reduce the net galn of the stage below unity
3. Control gain where very low control power is
available,
While the attenuation characteristics of the AGC
network appeared to be satisfactory, no mention of

its frequency characteristics was made.

1.4 CHOICE OF AUTOMATIC GAIN CONTROL SYSTEM

It can be seen from the literature summary that
the techniques used in the past have produced phase
shifts which are larger than the maximum phase change
tolerable in the proposed rocket experiment.

The rather stringent phase shift requirements and the
desire to keep the system simple precludes obtaining
the gain variation by controlling the transistor

parameters.
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One system (Chow and Lazar) which had good
attenuation characteristics (60 db. attenuation)
also had the potential of a small phase change
characteristic. In addition, it was simple in design,
controlled with low power, and simplified the receiver
design, Each recelver stage can be operated with
fixed bias conditions, thus permitting the optimumiza-
tion of gain, noise figure, bandwidth, stability,

and the number of components necessary.

1.5 SPECIFIC STATEMENT OF THE PROBLEM

l. To analyze a voltage controlled attenuator
bridge circuit, in which the attenuation is
obtained by balancing a bridge consisting of two
voltage sensitive capacity diodes (VSCD).

2. To determine the factors which affect the
relationship of the attenuation to the phase
shift and to develop c¢riteria for selecting
circuit parameters to give minimum phase change
for a given attenuation.

3.To examine the stabillity of the circuilt under
enviromental changes such as temperature.

4, To compare the phase characteristic of this
method of AGC with those using forward and

reverse AGC,
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2. PROCEDURE OF INVESTIGATION

2.1 DESIGN OF THE ATTENUATOR

2.1.1 BASIC PRINCIPLE OF OPERATION

The AGC mechanism selected consists of a bridge
attenuator with a fixed galn receiver used as the
detector. In one arm of the bridge a reverse-biased
sllicon diode is included in such a manner that its
capacitance can be controlled by a d.c. voltage. By
controlling the d.c. voltage, the bridge may be made
to approach the balance condition introducing a large

attenuation between the input and output terminals.

If the d.c. control voltage is derived from
the recelver output, an automatic gain control

characteristic may be obtained for the system.

A circuit which uses this principle 1s shown
in Figure 1. The reverse-blased dilodes (capacity diodes)
and the zener diodes are known to have temperature
coefficients which are, in general, small. To further
reduce the temperature effects, similar diodes are used
in each arm of the bridge which tends to self-compensate
for temperature varlations.

Zener diodes are used to prevent damage to the

capacity diodes due to excesslve reverse-=bias.
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The zener diodes also ensure that equal blas voltages
are presented to the capacity diodes under the condition
of maximum control voltage.

A small trimmer capacitor can be placed in
parallel with the fixed-blas diode to compensate for
dissimilar voltage characteristics of practical zener
and capacity diodes and to prevent the possibility
of going beyond the balance point.

The bridge transformer with a bifilar wound
secondary 1s used to take the place of passive elements
in the arms of the usual bridge circuit configuration.
The transformer used in this manner eliminates some
power loss and provides an accurately balanced source
impedance. An electrostatic shield is incorporated in
the transformer to reduce the capacitive coupling

between the primary and secondary windings.
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2.1.2 DERIVATION OF THE ATTENUATOR EQUATIONS

A schematic diagram of the bridge attenuator
network 1is shown in Figure 1 and its equivalent circuits
in Figure 2.

It has been found through open circuit and
short circuit impedance tests that the leakage
reactance of the toroidal transformer is not negligible,
giving rise to a coefficient of coupling of about
0.5 . To include the effect of this leakage and the
phase inversion characteristics, the practical trans-
former has been replaced in the analysis by an equivalent
network and an 1ideal transformer.

The series resistance of the primary and
secondary and the transformer core loss (Qo= 150 at
54 mc/s) are neglected.

Interwinding capacitance has been reduced by
using a minimum number of spaced turns on primary
and secondary sides of the transformer. These measures
reduced the capacitance below U4 pf,, so the effects
are neglected in the subsequent analysis.

The zener diodes and their bypass capacitors C3
and CM are a.c. short circults at the frequency of
operation and therefore are not shown in the equivalent

circuit.

Impedances Zq and Z, represent the fixed-bias

2
and controlled-bilas capacity diodes respectively.
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EQUIVALENT CIRCUITS

FIGURE 2
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The Thevenin equivalent for the circuit of

Figure 2B, 1s a generator with open circult voltage

e = e 1 = e S (1)

and an impedance

Z =72 (Z +Z Z
m g p) (

. g+Zp) S (2)

Zp+Zm+Zg
where 7 = magnetizing impedance
Zp= primary leakage impedance
Z = generator impedance
e = generator voltage
e.= equivalent Thevenin voltage
Zt= equivalent Thevenin impedance
and N = transformer turns ratio, primary to
1/2 secondary.
From the loop equations of Figure 2D, the output

voltage 1is

e = NeyZ,(29-25) (3)

AR Y T 4
(5+zd+zl)(a+zd+z2 ) - Zd
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where a= sz +Z
t °s*
Rearranging equation 3, the gain of the network 1is found
to be
G= eg = NS(Z;-Z,) . (%)
g 2a+zl+z2+Yd(5+zl)(a+Zz5

Since "a" is a complex impedance, let

a= R+JX .
Equation 4 becomes,

(5)
G= NS(Z,-Z,)

(23X+2 +zz)(1+RYd) +R(2+RYd)+Yd(Jx+zl)(jx+22)

1

The voltage controlled impedance Z, can be

2
expressed as follows:
Z2=-J/ wC, + R
where R = 1/ «C,Q
and C,= kv
giving Z,= %% (1/Q -3).
Practical values of Q are greater than 10; so to a
first approximation
z,= =JV7/uk = K'V" (6)
where V 1s the control voltage
and  K' = =/ Ko
The bridge network gain equation 5 as a function

of control voltage V, 1s given by
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G = NS(Z;-K'Vh) (7)

(2Jx+zl+K'Vn)(1+RYd)+R(2+RYd)+Yd(3x+zl)(JX+K'Vn)
The phase shift of the attenuator may be obtained
from equation 5 giving,
p = tan~1(z,-2,) + tan~!(ImS/ReS) - (8)

tan~1[(25%+2,+2,) (14RYg)

R(2+RY3q)+Y4(JX+Z7) (JX+Z5)

So far in thls analysls it has been assumed
that the diodes are identical. If this is not the
case, then an additional phase shift may be pro-
duced due to the difference in their loss factors at the
balance point. This effect is difficult to estimate
theoretically as it is so dependent on the similarity
of the capacity diode pairs employed for the brildge
circuit. These differences will produce a small voltage
output, V,, at the balance point which will be approx-
imately 90 degrees out of phase with the output voltage
at the point of minimum insertion loss. The additional
phase shift, ﬂ2, at the point where the voltage output
is Vp,1is given by, sin g 2 V,/Vp .

The effect of this additional source of phase
shift can, then, simply be measured in practice by
measuring the maximum attenuation which can be obtained

by varying the control voltage.
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2.1.3 NOISE

The noise contributed by the bridge attenuator
to the complete system is due primarily to the back-
biased capaclty diodes. Noilse generated by these
diodes is made up of two sources, resistance noise
and shot noise.
The first is a voltage'sourCe,-;E, whose mean square
voltage is a function of temperature and the internal
serles resistance of the diode,
A second noise source has an equivalent curfent
generator, whose mean square current, IE, is propor-
tional to the diode reverse current as it represents
the shot noise for the junction.

The noise source equivalent circult is shown
in Figure 3.

Since these sources of noise are uncorrelated,
their effects can be added.

The following procedure was used to obtain

typical magnitudes of the noise generated by these

diOdes °
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eg = 4 kTR Af (9)
=
and 17 = 2qI, af (10)

The total mean square output noise voltage at the

detector is

e2 = 217 Ry + 2e2 (11)
where k = 1.38 x10=23 joule/®K., Boltzman's constant

T = 300°K.

q = 1.6 x10~19 coulomb

R = 4 ohms, equivalent series resistance of

the capacity diode
R,= 15,000 ohms, maximum detector resistance
M= 1 ke/s, equivalent noise bandwldth
1= 10-10 amp., diode reverse current at

-16 volts bias.

Using the above values, equation 11 becomes,

eg =( 9.6 x10=25 + 1.31 x10-19) ar. (12)
2 2
Since 1 << e then,
n n

o]

0.011 pv. (13)
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2.1.4 SENSITIVITY

In order to galn some insight into the
sensitivity of the circult to control voltage,it 1is
necessary to find the first derivative of the gain and
phase with respect to the control voltage.

The second derivative of the gain equation with
respect to the control voltage is of importance 1n
determining the sensitivity of the system to para-
meter changes.

2.1.4.1 RATE OF CHANGE OF NETWORK GAIN WITH

CONTROL VOLTAGE

From equation 7,

G= NS(Zl_Zz) (14)
(2Jx+zl+z2)(1+RYd)+R(2+RYd)+Yd(jX+Zl)(jX+22)
Let A = 1+RYd
B = R(2+RYd)
C = Yd(jX+Zl)
D = 2JX+Z

equation 14 becomes,

G = NS(Z,=2Z,)
12 (15)

(D+22)A+B+C(jx+z2)
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3G = -NS - NS(2-Z,) (A+C) (16)
3Z,  (D¥Z,)A+B+C(JX+Z,) +[(D+22)A+B+c(3x+zz)]d

SO
3G = -1 {NS+G[1+Ygq(R+jX+Zy)]} (17)
37

2 (2JX4Z7+25) (1+RY3)+R(2+4RYq) +¥ 4 (JX+Z1) (JX+Z3)

Differentiating équation 6 with respect to control

voltage glves,

3Z, = nk'v0-l | (18)

Vv
The total derivative of the gain with respect to
control voltage 1s found from the relationship,

@ 16

av 3Z, A

SO
1 (19)
-nK'VT {NS+G[1+Y4 (R+JX+Z9)] }

Q
(o]
I

(23X+2Z +K'V?) (1+RY4) +R(2+4RY ) +¥3 (JX+27) (JX+K'VD)

2.1.4.2 RATE OF CHANGE OF LOGARITHMIC GAIN WITH

CONTROL VOLTAGE

A useful quantity in calculating the temperature
sensitivity 1is the rate of change of logarithmic gain

with respect to control voltage.

20 logygG= 8.68 1n G so that,
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df(G) = 8.68 d(1n G) = 8.68 1. dG
av av G

Q,

(20)

Using equations 7 and 19 in equation 20 there results,

(21)

df(G) = =8.68nK'VA=1 (NS+G[1+Yq(R+jX+27)]}

av db/volt
NS(Z1=-K'V1)

2.1.4,3 SECOND DERIVATIVE OF LOGARITHMIC GAIN

WITH RESPECT TO CONTROL VOLTAGE

Equation 21 of the preceding section is the
first derivative of logarithmic gain with respect to
control voltage,

Starting with this equation, let

E -8.68nK!

]

F 1+Y4 (R+JX+Z4)

equation 21 becomes,

ar(a) = BVl [Ns+GF] (22)
av

NS(Zy~ K'VD)
Differentiating equation 22,

a°r(a) E(n-1)V0=2[ NS+GF J+EVR~1F(dG/av)

av? NS(Z1=-K'VD)

(23)
EVN-1[N+GF][-NSnK'VN-1](-1)

[NS(Z,-K'VD)]2
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Rearranging equation 23,

ar(e) darG)[n-1 + nkxrv-l +

ave av v Z,~K'VD

ac |grvn-1 (24)

av NS(Zl—K'Vn)

Finally, upon substitution for the quantities E

and F, equation 24 becomes,

a2e(6¢)  dr(G) [n-1 + nk'vP-l

= +
ave av V. zy-K'vn
dG [-8.68nK'VP=1[1+Y4(R+3X+Z7)]
—_— (25)

av NS(Z1-K'Vvh)

2.1.4.4 RATE OF CHANGE OF PHASE WITH CONTROL VOLTAGE

The phase sensitivity of the network can be
found by taking the first derivative of the phase
angle, ¢ , with respect to the control voltage,Vo (V).

From equation 8,
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¢ = tan~1(21-2,) + tan=l (ImS/ReS) -

tan™1 [23%+2,+2;

J—y

R(2+RYq)+Y 4 (JX+Z7) (JX+Z)
$ = 08+y-p
-1
6= tan (Zl—Zz)
y= tan~! (ImS/ReS)

o= tan~l[2)X+21+2Z,

R(2+RYq)+Yq(JX+2Z1) (JX+2Z,)

5 P
P “m “g

The derivative of the phase shift with respect to

the control voltage is found from,

but

since

and

+dy - do
av  av

24e
n

o ol
<:|<D

o for
<Jo

8

- 90 degrees for 721> Z»

8

+ 90 degrees for Zy <Z, .

The quantity S 1s not a function of V

S0,

dy = 0 .
av

(26)

(27)
(28)
(29)
(30)

(31)
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Equation 31 becomes,

d = =d = =9p, 3z
¥ % 3z, W

The partial derivatives will now be found. Starting

with equation 30, let,

A = 1+RYy
B = R(2+RYq)
C = Yq(JX+Z7)
D = 2jX+Z7.

Equation 30 becomes,

p = tan—1 (D+ZZ)A

B+C(Jx+zz)
Differentiating equation 33,
3p = 1 A - AC(D+Z5)

(32)

(33)

(34

:

B+C(JX+Z>

3p = A[B+C(jX=D)]

322

[B+C(JX+25)12 + [A(D+2,)]2

82, 1+|(D+Z3)A ]5 B+C(JX+Z5) [B+C(JX+Z5)]
)

2]

(35)

Substituting the quanties for A,B,C, and D, equation 35

becomes,
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(37)
3p = (1+RYq)[R(2+RY4)=Y4 (JX+21)°]

32, [R(2+RYq)+Yq(JX+21) (JX+Z212+[ (1+RYq) (2JX+27+Z5) 12

Using equation 18, which is
22,= ng'viTh (38)
Vv

and equation 37 in equation 32, the result is the first

derivative of the phase shift with respect to control

voltage,

(39)

as - nK' VA=l (14RY ) [R(2+RYq)-Y4 (3 X+21)?]

[R(2+RYd)+Yd(jx+zl)(JX+K'VH)]2+[(1+Yd)(23x+zl+xvvn)]2
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2.1.5 RELATIONSHIP? OF INSERTION LOSS AND PHASE SHIFT

TO_THE TRANSFORMER TURNS RATIO AND SOURCE AND

LOAD IMPEDANCES

2.1.5.1 INSERTION LOSS

Insertion loss is defined as the ratio of the
output power to the input power under conditions of
minimum control (AGC) voltage. The insertion loss was
investigated for three transformer ratios. Figures 4,
5, and 6 show the relationship between insertion loss
and the ratio of the generator impedance (Zg) to the
detector impedance (Zd) for four values of Zg.

It can be seen for the range of variables
selected the lowest insertion loss was always obtained
for the smallest source impedance, Z_, and load imped-

ance, Zd' In this case,these were Z_ = 50 ohms and

28
g
Z = 25 ohms., The turns ratio of N = 1 gave a 1lower

d
insertion loss than either N= 0,3 0r N= 2,

The smallest insertion loss was found to be
18 db.

2.1.5.2 OVERALL PHASE SHIFT

The overall phase shift was defined to be the
change in phase when the attenuation 1s lncreased by

40 db. from the insertion loss value.
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In Figure 7, the overall phase shifts are shown
in terms of the ratio of the generator to detector
impedance for the same four values of Zg and the
three transformer turns ratlos,

It is apparent that the conditions for lowest phase
shift are quite different from those determined for
lowest insertion loss,

Within the range of variables chosen, the
smallest phase shift was obtained for the largest
values of source impedance and load impedance,

The lowest phase shift was obtained for a turns ratio
N of 2,
The smallest phase shift was found to be 0.2 degrees.

2.1.5.3 OPTIMUM DESIGN

It has been stated in Section 1.1, that the
proposed ionospheric experiment required a system with
an overall phase shift of less than + 15 degrees, a
maximum gain of 72 db. and an AGC system capable of
providing a constant output within 3 db. over a
dynamic range of 60 db, AGC is required over a range
of 40 db. and saturation diodes may be used beyond this

point.
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It is desirable to keep the total phase shift as
small as possible; however, no practical purpose 1is
served by decreasing the overall phase shift beyond
about 2 degrees, the maximum resolution of the
phase detector.

The criteria for smallest insertion loss and
smallest phase shift are not compatible and a compromise
must be made.

One such compromise might be one in which

1. Zg/ Zd= 2

2. Zg = 250 ohms, and

3. N =2 .,

These parameters were chosen because for any source
impedanc= greater than 250 ohms the insertion loss
increases by at least 10 db.)and for a source impedance
less than 250 ohms the phase shift was greater than

2 degrees.

The ratio of Zg to Zd was chosen as 2, since 1t gave

an insertion loss which was smaller by 6 db. than for
Zg/ Z4= 1 and smaller by 10 db. than for Zg/Zd= 0.5 .
Lastly, the transformer turns ratio was chosen on the
basis of smallest phase shift. In this case a turns

ratio N of 2 produced a calculated phase shift of

less than 2 degrees.
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2.1.6 TEMPERATURE EFFECTS AND STABILITY

The temperature sensitive components used in
the attenuator are the zener diodes, the capacity
diodes and the bridge transformer,

2.1.6.1 ZENER DIODES

One important function of the zener diodes 1is
to ensure that under conditions of maximum AGC voltage
the bridge circuit always stays on the right side of
balance. In the network configuration used, zener
voltage variation tends to self-compensate so that the
effects of temperature on these diodes is minimized.
However, to examine the"worst-case" condition it is
assumed that one zener diode 1s 1deal, the other 1is
a practical diode and exhibits temperature sensitivity.
The effect was investigated at an attenuation of 40db.,
for a temperature variation of =40°C, to +80°C.

The silicon zener diodes used are temperature
compensated, Motorola type 1N936A having a temperature
coefficient of 0.005%/°C., and a zener voltage
of 9 volts +5 %.

The effect of voltage varlation manifests
itself in producing a change in capacitance of the

capacity diode and therefore a change in attenuation,
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The capacltance-voltage relationship for the
capacity diode is given by the equation
C=KvVn, (40)
Implicit differentiation of equation 40 yields,
dC=-nk v-0-1 gy (41)

Dividing equation 41 by equation 40,

dC = -n gv (42)
C v
where C = diode capacitance
V = capacity diode control voltage
K = 205 x10712 rarad (volts)?

dV= fractional control voltage change
v

dC= fractional VCSD capacitance change.
<

For a 120°C. temperature change (-40°C, to +80°C.),

dV= 0.6 % or 54 mV.(equivalent voltage (43)
N
change at 9 volts)

Substitution of equation 43 in equation 42 shows

the percentage capacitance change 1is " i

(al)

dC= -0.265% or 0.16 pf. at 40 db. attenuation.
o]
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To see the effective attenuation change ( in

decibels), equation 21 is rearranged to give, (45)
dr(G) = =8.68nK'V? {NS+G[1+Yq(R+jX+Z1)]} .4V .
NS(Zl—K'V”) A

NUMERICAL EXAMPLE FOR OPTIMUM SYSTEM:

n = 0,442 Zq= -J40.3 ohms
K'V'= -339.3 ohms Zg= 250 ohms

N = 2 Y3= 1/125 mhos
¢ = 7.63x10-%  dv= 0.006

)
Upon substituting these values, equation 45 becomes,

ar(e)
Ara)

- 151 gv/v (46)

- 0.9 db. for a 120°C. change. (47)

A similar procedure may be used to find the
phase sensitivity of the attenuator due to temp-

erature variation.
At an attenuation of 40 db., the change in phase is

given by equation 39 which is rearranged to yield,

(48)

ag= nK'V?(14RY4)[R(2+RYy) = Yq(JX+21)<] av/vV

[R(2+RYq)+¥q (JX+Z7) (JX+K'V) J24[ (1+Y4R) (2] X+Z1+K'VN) ]2

Using the parameter values from the previous example,

2

the change in phase,Z&ﬂ= 1.64x10"“degrees for a 120°C,

change in temperature.
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2.1.6,2 CAPACITY DIODES

Changes in temperature of- the capacity
diodes produces a change in attenuation and phase
shift of the network,

The voltage sensitivity of the capacity dlodes
has been shown, in Appendix A, to be dependent upon
bias level.

"Tc e2xamine the "worst-case" condition we
assume one diode 1deal and the other a practical
diode. The largest temperature sensitlvity occurs at
a bias of 0.5 volts and is equal to 0.1%/°C. or
12%/ 120°c.

The derivative of the gain function for V= 0.5 volts,

however, 1is quite small e.g.,

for K'VP= -315.7 ohms Zy= -J40.3 ohms
n = 0.442 Zg= 250 ohms
N = 2 Yq= 1/125 mhos
G = 1.84 x10™? dv= 0.12
equation 45 becomes, Y
df(G) = -5.93 gV (49)
\
Af(G) = 0.7 db. for a 120°C. change. (50)

For the other case where the slope of the gain
function 1s large (9 volts blas), the temperature

coefficient of the capacity dilode is,
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( 1/C )( ac/dT ) = 0.008%/°C. or 0.,98%/ 120°C.
Using equation 46, the change 1in attenuation resulting
from a variation in temperature of 120°C. is

Ar(c) = -1.5 db.

The phase sensitivity due to temperature
effects of the capaclty dlode upon the network can
be found by substituting the voltage sensitivities
12%/120°C. and 0.98%/120°C. into equation 48,

The results are the following:

1.Ag = 2.8 x10™1 degrees for 120°C. change
at V= 0.5 volts.
2. A2 = 2.95 x10~2 degrees for 120°C. change

at V= 9 volts,
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2.2 EXPERIMENTAL PROCEDURE AND RESULTS

2.2.1 MEASUREMENT OF ATTENUATION AS A FUNCTION

OF CONTROL VOLTAGE

A block dilagram of the system used for the
measurement of the attenuation is shown in Figure 8.

Matching "T" networks were used to control the
source and load impedances for the bridge network while
maintaining the proper terminating impedances for the
calibrated attenuator and the receiver,.

To find the attenuation as a function of
control voltage, the attenuation of the bridge circuit
was varied by means of the control voltage. The change
of the calibrated attenuator required to provide a
constant receiver output level was measured, Thils was
equal to the change in the attenuation of the vqltage
controlled attenuator.

The insertion loss was found by removing the
attenuator bridge and the "T" networks from the circuit
and readjusting the calibrated attenuator to maintain

the receiver output level constant.
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Figures 9, 10, and 11 each show, for a glven trans-
former turns ratio, the measured and theoretical values
of the network as a function of control voltage. The
attenuation indicated for Vc equal to zero volts is

the insertion loss.

The theoretical values were obtained using

equations 6 and 15 with a digital computer.

Curves showing the attenuation characteristics have
been extended beyond the balance voltage by omitting
the zener diode, D3, in Figure 1, to facilitate the
comparison with the theoretical results. In practice

this diode would prevent V the control voltage, from

c’
exceeding the balance value of 9.5 volts.

It 1s apparent that the agreement between the
theoretical values is within the experimental toler-

ances of approximately +1 db.
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2,2,2 QVERALL PHASE SHIFT MEASUREMENT

Because of the very small phase shifts intro-
duced by a suitably designed bridge attenuator, great
care had to be taken in the method of phase measure-
ment ,

It was found, for example, that the receiver phase
shift was amplitude dependent. Because of these effects
it was decided to employ the system shown in Figure 12,
In this system the difference in phase is measured
between two points on either side of the balance point
at which the attenuation is the same. In this way the
signal levels in all parts of the circuit are the

same. This difference in phase shift can then be
compared with the theoretical calculations to verify
the correctness of the theory.

The phase comparator used is described in detail 1in
Appendix B. The phase resolution of this measuring

system is =3 degrees at 5imec/s.
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The phase shift measurements were made for a
generator with twice the detector impedance, since in
the optimum system this ratio was used,
Comparison between the theoretical and the measured

values of overall phase shift are shown in Table 1.

TABLE 1
Source Load Turns Calculated Measured
Impedance Impedance Ratio Phase Shift Phase Shift
Zg(ohms) Zy(ohms) N Aﬂc(deg.) Aﬂm(deg.)
50 25 2 183 186+3
250 125 2 182 183+3
1000 500 2 180.8 180i3
5000 2500 2 180.2 180+3
50 25 1 190 19243
250 125 1 184 18343
1000 500 1 181 18343
5000 2500 1 180.2 180+3
50 25 0.3 194 18943
250 125 0.3 185 186+3
1000 500 0.3 181.8 186+3

5000 2500 0.3 180.3 18043
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2.2.3 OPTIMUM SYSTEM PERFORMANCE TESTS

Figure 13 shows attenuation as a function of
control voltage for the optimum system given in
Section 2.1.5.3. The measured value of 30 db.inser-
tion loss for the case when Vc=0 volts, was obtained
in agreement with the theoretical value., Up to 40db.
additional attenuation, the theoretical and measured
values were within the experimental fclerance of + 1 db.
Close to the bridge balance value of VC= 9.5 volts, it
is noted that the rate of change of attenuation with
control voltage is very large and in practice 1t was
not found possible to make accurate measurements within
1/2 volt of this point.

Figure 14 is a graph of the overall phase shift
as a function of control voltage for the optimum system.
Due to the measuring technique and the #3 degrees phase
resolution of the phase measuring system, a single
value of measured phase change 1s shown which describes
the overall phase shift found using the method outlined
in Section 2.2.,2 . It can be seen from Figure 15 that
the rate of change of phase shift is greatest for
small values of control voltage., The theoretical values
for the phase shift were calculated using equations
8 and 39. It was noted in Section 2.1,2 that unbalance
in the capacity diodes may produce an extra phase shift

in the region of maximum attenuation. Because of the
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low levels involved 1t was not found possible to
make accurate phase measurements in this region and
instead the relation between the maximum attenuation
and phase shift given on Page 14 was used.

With a typical pair of silicon diodes a maximum
attenuation of 63db., above the insertion loss value was
obtained. This corresponds to a voltage ratlio at the
40db., point of 14.1 and a phase shift of 4.1 degrees.
By choosing matched diodes this phase angle could be
reduced by at least a factor of 4.

Figure 16 is the block diagram for the measure-
ment of the derivative of the attenuation with respect
to the control voltage. In thls test the control volt-
age was modulated at a frequency of 500c/s., This
frequency was chosen to be low enough to be within
the I.F. and AGC bandpass limits of the recelver.

The modulated recelver AGC voltage is proportional to
the slope of the bridge attenuation curve about any
point chosen by Vc, provided the R.F. input level to

the receiver 1s constant. In Figure 17, the rate of
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change of attenuation is shown as a function of
control voltage. The theoretical values were obtained
using equation 21 and the parameters of the network
selected in Section 2.1.5.3 . It is apparent that the

measured and theoretical values are 1in good agreement.

The theoretical values for the second derivative
of the attenuation with respect to control voltage
have been calculated using equation 25 and are shown
in the graph of Figure 18. This figure has been included
for convience in determining the slope of the first

derlvative; no measurement was made.
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2.2.4 TEMPERATURE MEASUREMENTS

Since the bridge attenuator 1is to be a part
of a rocket payload, a temperature range of -40°C., to
+ 80°C., which exceeds the payload test specifications,
was used for the measurements.

2.2.4.1 CAPACITY DIODE

The temperature test for a typical V-100 Varicap
diode (VSCD) was conducted using the system shown in
the block diagram of Figure 19A,

The quantity of interest in this measurement 1is
the temperature coefficient because it 1s this term
that 1s used in calculating the attenuation and phase
sensitivities. Figure 20 shows the comparison of the
theoretical and measured temperature coefficlents as
a function of control voltage for the same typical
capaclity diode,.

2.2.4 .2 BRIDGE TRANSFORMER

A block diagram for the transformer temperature
test is shown in Figure 19B. The results of this test
yield the following temperature sensitivities:

For Q,= wL /Rg at 25me/s

Q= 0.076%/°C,

0.039%/°C.
0.12%/°cC.

AL

ARS

The transformer parameters as a function of temperature

are shown in Figure 21.
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Since Q is on the order of 185 at 25me/s and
55 at 72me/s for T= 26°cC., R << uL and therefore the
variation of the effective series resistance with
temperature can be neglected.

The total change in inductance 1s 4.7% for a
1200C, variation. Using equations 4 and 8, it is
found that the resultant change in attenuation is
0.1 db.,while the change in phase is l.2x10"2 degrees
produced by temperature effects on the bridge trans-
former,

2.2.4,3 COMPLETE ATTENUATOR SYSTEM

Temperature cycling the entire bridge attenuator

network over the 120°cC. range reveals the followlng:

1. The measured change of attenuation at a
control voltage of 9 volts (-40 db.) was
=2.7 db. The calculated change of attenuation
consisted of two sources; -0.9db. due to
zener diode temperature effects and -1.5db.
predicted from temperature considerations of
the capacity diode. The total calculated
change, then, was =-2,4db.

2. For a control voltage of 0.5 volts (0db.),
the calculated change of attenuation was =-0.7
db.; No change in attenuatlon was observed in
the temperature test.

The experimental accuracy for this experiment was +1db.
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3. SUMMARY AND CONCLUSIONS

A voltage controlled attenuator was analyzed
to determine the relation between the control voltage
and the attenuation and phase shift.

The factors which affect the relationship of
the insertion loss and phase shift were investigated.
It was found that the minimum phase shift and minimum
insertion loss were not obtained for the same parameters.
Within the range investigated, it was found that the
minimum insértion loss was obtained for the smallest
source and load impedances and a transformer turns ratio
of one. The lowest insertion loss for an input impedance
of 50 ohms and a load impedance of 25 ohms was 18 db.
Under these conditions the phase shift was calculated
to be 10 degrees.
The smallest phase shifft was found to be cbtalned for
the largest source and load impedances in the range and
for a turns ratio of 2. The smallest phase shift for an
input impedance of 5000 ohms and a load impedance of
2500 ohms was found to be 0.2 degrees. However, under

these conditions the insertion loss was 55 db.
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It was therefore necessary to select an
optimum configuration to obtain reasonable values of
insertion loss without degrading the phase character-
istics of the overall system. The optimum system chosen
had an input impedance of 250 ohms , a 1load impedance
of 125 ohms and a turns ratio of 2, With these values
an overall phase shift of 2 degrees for a 40 db. change
in attenuation was obtained with an insertion loss of
30 db.

The temperature characteristics of the circuit
were investigated. The network sensitivity to changes
in control voltage was determined first; then, the
changes in control voltage were found 1in terms of the
temperature coefficients for the zener diodes and the
capacity diodes.
It was found theoretically that the major sources of
variation were the temperature coefficients of the zener
diodes and the capacity diodes. For the optimum system
these collectively produced a 2.4 db. change in attenua-
tion as the temperature was changed from -40°C., to +80°cC.

Of this change it was found that 1.5 db. was due to the
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capacity diodes and 0.9 db. was due to the zener dlodes.,
A practical measurement on a complete circuit showed a
total attenuation shift of 2.7 #1 db.

The optimum system may be compared with that
described by Hurtig (1955) in which the attenuation was
controlled by a diode external to the transistor., If we
assume the sameé receiver bandwidth of l.4me/s, the
voltage controlled bridge attenuator would produce a
center frequency shift of 93c¢c/s compared with the value
of 72ke/s obtained by Hurtig. With the bridge network
the bandwidth would be effectively unchanged, since it
1s untuned, whereas the ¢ircuit by Hurtig produced
a U0ke/s variation for a similar change of attenuation.

Seliga (1961) has shown, in his discussion of
forward and reverse AGC, a phase shift of 70 degrees for
reverse AGC and a 60 degree phase shift for forward AGC
occurs in an llmc/s amplifier for a 30 db., change of
attenuation. In comparison, the bridge attenuator would
produce 2 3.2 degree phase shift for a 30 db. change of

attenuation.



APPENDIX A

THE VOLTAGE SENSITIVE CAPACITY DIODE

Al. VOLTAGE SENSITIVITY

The voltage sensitivity of a PN junction diode
usually follows the power relationship C =K/(Vc+Vb)n,
where K is the constant of proportionality

Vc 1s the reverse-~blas voltage and

Vb is the junction contact potential,.

The exponent n depends upon the geometry of the
diode junction.

Giacoletto (1956) et al.,have shown that the
linearly graded junction has a capacitance which
varies 1lnversely with the cube root of the applied
bias. The variation of capacitance with voltage for an
abrupt junction follows an inverse square root relation-
ship.

Type V=100 silicon diodes produced by Paciflic
Semliconductor, Inc., selected to be used in the bridge
attenuator network, are of the abrupt Junction type.

Laboratory tests reveal, however, that these diodes do

not exactly follow the inverse square root relationship.
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A graph of diode capacitance versus bias voltage for a
typical V-100 diode is shown in Figure 22,

Also shown is the capacitance variation for the
inverse square root and inverse cube root relationship
of a PN diode.

The exponent n of the voltage sensitive
capacitor was found to be 0.442 and the proportion-
ality constant K , was 205 xlo"12 farads (vyolt) 442
It can also be seen from this graph that the
capacitance sensitivity decreases at lower voltages
because of the internal contact potential.

The variation of capacity Cpay to Cp,, was

n
found to be 3,5 for a 16 volt change of bias.

A2 POWER LOSSES IN THE CAPACITY DIODE

The internal seriles resistance due to the
semiconductor material of the PN junction is the
major loss factor of the diode.

Since the series resistance and capacitance
are frequency invariant, a figure of merit Q , may

be defined as

Q= 1/ wCR, (A-1)

where C= voltage varlable capacitance

w= radian frequency and

R= internal series resistance.

At 50 me/s, Q= 11.
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Figure 23 shows the variation of Q with bias voltage for
frequencies of 512 kc¢/s, 6me/s, 1l2me/s, Shme/s, and
72me/s.
Using equation 1, the equivalent series resis-

tance is given by:

R= 1/ wCQ (A-2)
for C= 73.5 pf.
Q= 11, and

w= 3,39 xlo8 rad/ sec.

R= 4 ohms (A=3)
A3 THERMAL PROPERTIES

The thermal sensitivity of the capacity dlode
is attributed to its internal contact potential, Vb'
To see how temperature affects the diode, conslder the

following equationlsfor a PN Junction:

Vb= KT 1n AD , (A-4)
G n%

where YV _= contact potential

K = Boltzman's constant

T = Absolute temperature,oK.

q = electron charge

A = Acceptor impurity concentration

D = Donor impurity concentration

ny= intrinsic concentration.
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Determination of contact voltage variatlion with
temperature can be found using equation U4, The only
unknown in this equation 1s the product AD; to deduce

this product, V., must be known at some temperature.

b
The first step, then, 1s to find the contact
potential, Vb, at 26° C. It can be seen from Figure 22

that the capacitance follows the relationship

_ n

C= K/ (Vc+ Vb) (A=5)
where K = proportionality constant

Vc= reverse-blas voltage

Vp= contact potentilal

n = the slope of the Capacitance vs. Voltage
curve,

From equation 5,

Vb=( K/C )% - VC . (A=-6)
The following numerical values are from Figure 22 :

K = 205 x10-12rarads (vo1t)?+*"2

C = 188 x10~1°rarads at V,=0.5 volts

Vc= 0.5 volts

n = 0.442

Calculating Vb using equation 6,

o
Vb= 0.715 volts at 26 C. (A=T)
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The product AD 1s not temperature dependent
and can be found using equation 4, which is rearranged
to yield,

ln AD= Vb q + 1n n2

i . (A-8)
kT

Substituting the following values,

V= 0.715 volts at 26°C.

k = 1.38 x10™23 Joule/oK, Boltzman's constant
q=1.6 x10"19 coulombs
T = 300°K

and n§= 1.5 x1033 T3 exp -14,000/T, for Silicor (15).
Equation 8 becomes,

ln AD = 74,6 (A-9)
At any temperature, equation 4 becomes,

V.= kT [14,000/T =-31n T - 1.9] (A-10)

q

The internal contact potential varies from 0.715
volts at 26OC. to 0.62 volts at 80°C. and to 0.849
volts at -40°C. This results in an approximately
linear temperature sensitivity of about 0.1%/°C. at
0.5 volts bilas,about 0.038%/°C. at 4 volts bias and

becoming negligible at higher voltages.
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APPENDIX B

DESCRIPTION OF THE 54MC/S PHASE COMPARATOR

The phase comparator used for the measure-
ments described was designed by Space Craft Inc.,
Huntsville, Alabama.

A schematic diagram of 'the phase comparator
is shown in Figure 24 and itsbequivalent circuit in
Figure 25. It may be noted in Figure 25 that ey and
e, are to be compared in phase and efs>e2.

The resultant sum of the voltage approximately equals

e,+te, cos #; the contact potentials of the dlodes

1
cancel. An additional diode is used to provide the
quadrature output.

Two adjustable resistors are used to balance
the back resistance of the dlodes,resulting in an
average output voltage of zero volts.

The + 45 degree phase splitter for e, is
arranged so that the input is 50 ohms resistive,

Transformer T, is a high Q torold with a
voltage step-up ratio so as to make ep>es.

The d.c. output voltages of this comparator

may be displayed on an oscilloscope to provide a polar

plot of the phase angle between e, and €se
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